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ABSTRACT

The goal o f the sensory system i s t o supply s u f f i c i e n t in fo rmat ion
t o the r o b o t c o n t r o l system, which a c t u a l l y moves t h e r o b o t . t o
accompl ish a d e s i r e d t a s k . The sensory system cons tan t l y updates a
mo6el o f the 3-0 workspace t o r e f l e c t r e a l i t y . Th is rnociel i s
d e c o u p l e l f r o m t h e sensory process ing so t h a t t h e c o n t r o l Eysten
czn be g iven responses wi thou t having t o w a i t f o r sensory process -
i n g . A r e a l - t i m e w o r l d model i s presented which i n c o r p o r a t e s both
CAD d e s c r i p t i o n s o f known p a r t s and in fo rma t i on ebout each s p e c i f i c
o b j e c t i n t h e workspace. I n o rde r t o enhance i t s speed. t he 3-D
w o r l e mollel supports s e v e r a l rep resen ta t i ons . The w o r l l n o d e l
p r e d i c t s t he 3-0 fea tu res f o r t h e o b j e c t s i n the workspace o f t h e
robo t which are used by other modules i n t h e sensory system.

KEM7ORDS: automate6 manufacturing. knowledge bases. p a r t represen -
t a t i o n , r e a l - t i m e process ing . sensory and v i s i o n s y s t e m . s o l i d
n o s e l l ing.

............................................................
C o m e r c i a l equipment i s i d e n t i f i e d i n t h i s paper i n order t o ade-
q u e t e l y descr ibe t h e systens t h a t were developed. I n no case does
such i d e n t i f i c a t i o n imply recommendation by t h e 1:ationzl Burecu o f
Standards. nor Soes it imply t h a t t h i s equipment was n e c e s s a r i l y
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The g o a l o f the robo t sensory system i s t o prov ide the robo t con-
t r c l system with the i n f o r n a t i o n requ i r ed t o p e r f o r m a t a s k . The
r e a l - t i m e robo t c o n t r o l system and t h e methodology f o r progranning
a r e desc r ibed i n (Barbera e t a l . , 19C4) . Quest ions o f concern t o
t h e robo t con t ro l system inc lude t h e l o c a t i o n o f des i r ed p a r t s .
e x i s t e n c e of freespace f o r t r a j e c t o r y planning. range f r o m t h e
d e s i r e d p a r t , e t c . The robo t c o n t r o l systen should exper ience as
l i t t l e d e l a y as p o s s i b l e f rom t h e sensory system i f t h e r o b o t i s t o
opera te i n r e a l - t i n e . The way i n which i n f o r m a t i o n i s rep resen ted
cen have a l a r g e impact on the u l t i m a t e e f f i c i e n c y and speed o f t h e
system. Th is paper eiscusses sone o f t he compronises i n v o l v e 6 i n
t h e design o f a 3-D dztebase which descr ibes o b j e c t s wi th in t h e
r o b o t ' s workspace. The sensory system i s mu l t i - noda l i n nature ; it
accepts d a t a f rom image sensors, p r o x i m i t y sensors, touch sensors,
e t c . Although most o f t h e examples g iven i n t h i s paper i n v o l v e
images, any other sensor de ta cou ld have been used.

The sensory system, which i s h i e r a r c h i c 2 1 i n nature, i s d iv ided
i n t o two p a r t s : t h e lower v i s i o n l e v e l s and the upper v i s i o n l e v -
e l s . The lower v i s i o n l e v e l s a r e respons ib le f o r c a t h e r i n g and
pre - process ing d a t a f rom t h e sensors. rluch o f t h i s process ing i s
ger.er ic i n n a t u r e , i . e . . it i s independent o f t h e image d a t a . For
e x a n p l e , run- length encoding and connected conponents m e l y s i s z r e
per formed on a l l images. The d e t a i l s o f some o f t h e l o w e r l e v e l
v i s i o n nodules a r e descr ibed i n (Kent; 1 9 6 2 ) .

The processing i n the upper l e v e l s o f t h e t h e sensory system:
descr ibed by (Shneier e t a l . , 1984a) , i s a func t ion o f t h e current
goa ls of t h e system. The sensory system i s c o n t i n u a l l y t r y i n g t o
servo a wor ld model t o r e a l i t y . W h i l e t h e r o b o t moves. sensor d z t a
a r e used t o update the world model t o r e f l e c t t he t r u e n e t u r e o f
t h e r o b o t htorkspace. A 3-D model database i s used t o c r e a t e pred -
i c t i o n s o f f ea tu res which should be de tec ted . P r e d i c t i o n s a r e
matched with sensor da ta and the pose o f each o b j e c t i n space c m
be mod i f i c d t o r e f l e c t r e a l i t y .
The b e s i c problem aadressed by t h i s p a p e r i s one o f r e p r e s e n t a t i o n .
YJhet i s t h e bes t way t o rep resen t t h e o b j e c t moeels i n t h e 3-C
database f o r use with t h e sensory system? There a r e seve re1
r e p r e s e n t a t i o n schemes a v a i l a b l e f o r s o l i d s . Each method hns
advar.taqes ar.6 d isadvantages . Th is paper develops t h e ITCS sepsory
sys tcn 3-D model requ i rements : e x p l o r e s t h e cho ices f o r o b j e c t
r e p r e s e n t a t i o n and presents t h e r e p r e s e n t a t i o n edopted f o r t h e
sensory system.

The n c x t s e c t i o n desc r ibes the d i f f e r e n t ways i n which s o l i d s c r e
r e p r e s e n t e d . T h i s i s f o l l o w e d by E d iscuss ion o f t he o p e r a t i o n of
t k e sezsory system. F i n a l l y . the r e p r e s e n t a t i o n adopted f c r t h e
censcry system i s prescr . ted znd i s cornpzred wi th o t h e r scf ieces.
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Kany areas o f sc ience and technology ( inc lud ing a r c h i t e c t u r e . com-
pu te r graph ics , design o f m e t a l p a r t s , e t c . ) a r e employing t e c h -
niques where s o l i d s must be rep resen ted i n 5. computer. Th is i s
shown by the number o f Eystems a v a i l a b l e f o r s o l i d mode l ing
(Requichs. e t a l . , 1 9 8 3 . Baer e$ a l . 1979 Flyers. 1 9 6 2 ) . Unfor -
tuna te l y , t h e b e s t r ep resen ta t i on depends on the intended app l i ca -
t i on . Nany f a c t o r s in f luence the choice o f t h e r e p r e s e n t z t i o n .
The rep resen ta t i on i t s e l f should be complete, concise, and unanbi -
guous. However, us ing the represen ts t ion should be f a s t an& ensy.

A l l o f t h e methods f o r s o l i d rep resen ta t i on cen be d i scusse l i n
t e r m s of s e v e r a l p r o p e r t i e s (Requicha , 198C) . Y a l i d i t y i s con-
cerned with the c r e a t i o n o f a represen ta t ion which corresponds t o a
r e a l s o l i d and no t a nonsense ob jec t (Wa l t z r 1 9 7 5 ) . Canplekcness
requ i res t h a t each r e p r e s e n t a t i o n correspond t o only one o b j e c t .
UniqueDlesn expects one and only one represen ta t ion f o r each o b j e c t .
C.on~is~peessr e f e r s t o t h e memory requirements f o r s t o r i n g t h e
r e p r e s e n t a t i o n . Eff icacy imp l i es how t h e represen ta t ions a r e used.
They a r e sources of d a t a f o r o t h e r a lgo r i thms. Some rep resen ta -
t i o n s s t o r e dats i n a more usable fo rm than other rep resen ta t i ons
f o r a given a lgo r i thm.

These p r o p e r t i e s cannot be o p t i m i z e d simultaneously. For exazp le ,
a r e p r e s e n t a t i o n which i s concise may n o t s a t i s f y t h e uniqueness
proper ty or t h e e f f i c a c y property. This i s no t ccuse f o r alarm.
It i s reason f o r s e l e c t i n g t h e represen ta t ion most appropr ia te f o r
t h e expected algor i thm.

2.2.

There a r e s e v e r a l rep resen ta t ion schemes f o r so l ids : l 3 r e primiLiurt
ins -tawing. spal;ial wmpancy enurnerakim, caostruckiue s _olid
ge.om?xy, and h~undaryreereseataLim.
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i ncompa t ib le with most a l g o r i t h m s because it i s d i f f i c u l t t o
e x t r a c t use fu l i n fo rma t i on from t h e rep resen ta t i on i n a reasonable
t i n e . It i s q u i t e use fu l t o have an i n d i c a t i o n o f t h e volumes
taker. up i n the workspace. The I?ES sensory system uses a cocrse
o c t r e e as an ind icn t ion of s p a t i a l occupency r a t h e r tha as en
accu ra te model.

Cons t ruc t i ve s o l i d geometry (CSG) i s a popular represen ta t ion which
i s use6 i n severa l e x t a n t systems, e.g. PADL-2 (Brown, 1 9 E 2 ) - GI:-
SOLID (Boyse and G i l c h r i s t , 1 9 8 2 ) , and Synthav is ion ( G o l i i s t e i n and
Ka l i n . 1 9 7 9 ) . I n CSG, s o l i d s a r e represented as combinzt ions o f
p r i m i t i v e s o l i d s or " bu i ld ing b locks " using t h e Boolean opera t ions
o f union, i n t e r s e c t i o n , complement, d i f f e r e n c e , e t c . T h i s r e s u l t z
i n a concise, unambiguous, complete r e p r e s e n t a t i o n . Fur thernore ,
v a l i d o b j e t representa t ions are guaranteed. Although t h e CSG
r e p r e s e n t a t i o n appears t o be e x c e l l e n t f o r c r e a t i n g o b j e c t s . it
seems l e s s su i ted t o any a lgor i thms which need d a t e i n a d i f f e r e n t
form. Such a lgor i thms inc lude d i sp lay rou t ines , where p r o j e c t i o n
i s a key opera t ion . Unfor tunate ly , the higher v i s i o n l e v e l s
p r e d i c t t h e p ro jec ted l o c a t i o n o f a f e a t u r e and at tempt t o match it
with the f e a t u r e e x t r a c t e d from t h e e m p i r i c a l da ta . Since t h e CSG
represen ta t ion i s complete, it i s c l e a r l y poss ib le t o c a l c u l a t e t h e
r e q u i r e d p r o j e c t i o n . However, such c a l c u l a t i o n s a r e t ime -
consuming.

A boundary r e p r e s e n t a t i o n views a s o l i d i n a h i e r a r c h i c e l manner.
The s o l i d i s conposes o f a s e t o f sur faces. Each s u r f a c e i s b u i l t
f rom a l i s t o f bounding edges. F i n a l l y , each edge i s r e p r e s e n t e d
by bounding v e r t i c e s . For r e l a t i v e l y conplee o b j e c t s . t h e
r e p r e s e n t a t i o n can become r a t h e r l o n g . The s i z e o f the r e p r e s e n t a -
t i o n i s o f t e n exacerba ted by the i n t e n t i o n a l s to rage of redundant
informat ion. Also, it i s poss ib le t o c r e a t e nonsense o b j e c t s with
dangl ing edges o r faces. With a l l o f these problems, it i s reason -
ab le t o ask why t h i s r e p r e s e n t a t i o n i s so popular .

For a r e a l - t i m e system, t h e t i m e d e l a y incur red i n us ing t h e
r e p r e s e n t a t i o n i s more i m p o r t a n t than the s i z e o f t h e represcnta -
t i o n . Th is i s e s p e c i a l l y t r u e as t h e c o s t o f memory cont inues t o
decrease. As a r e s u l t , redundant in fo rmat ion i s i n t en t i ona l l y
i n c o r p o r a t e d i n t o t h e model i n order t o m i n i m i z e run - tine c a l c u l a -
t ions .

The v e l i d i t y o f t h e r e p r e s e n t a t i o n i s an inpor tcn t cons ide rE t ion
but Goes n o t need t o be d e a l t with i n r e z l - t i m e . Conpu ta t ionz l l y
expensive v a l i d i t y checking e l g o r i t h m s csn be run OR t h e rcp rcsen -
t a t i o n once o f f - l i n e . The v a l i d i t y does n o t need t o be checked
each t i m e t h e r e p r e s e n t t t i o n i s used.

The m a j o r a6vsntage o f t h i s r e p r e s e n t a t i o n i s t h a t t h e d t t a cbn
o rgan i zed around t h e fes._tur.es o f the o b j e c t . These f e a t u r e s
ex tend t h e min ima l v e r t e x , edge, sur face i n f o r n a t i o n t o i n c l u d e
neezs o f t h e a lgo r i t hms . E6ge length, su r face normal v e c t o r -
p c r a m e t r i c equat ions desc r i b i ns curves and sur faces czn

be
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i n c o r p o r a t e d d i r e c t l y i n t o t h e r e p r e s e n t a t i o n . Th is r e s u l t s i n a
databzse where a lgor i thms can opera te i n r e a l - t i m e .

3.

F igure 1 shows t h e a r c h i t e c t u r e f o r t he sensory system. In fo rme -
t i o n about t h e t a s k a r r i v e s f ro in t h e f a c t o r y . Th is i nc l udes CAD
desc r i p t i ons o f each o b j e c t and an expected l o c a t i o n o f ench o S j e c t
i n t h e workspace o f t h e r o b o t . This i n f o r n a t i o n i s s t o r e d i n t h e
3-D w o r l d model, which i s c a l l e d w o r l d model - I1 (WEI-11). The w o r l d
n o d e l de termines a l i s t o f f e a t u r e s which best d i f f e r e n t i a t e the
expec ted p a r t s . The expected values o f these f e a t u r e s z r e cz l cu -
l a t e d and s to red f o r each ob jec t i n t h e workspace. A f t e r t h i s i n i -
t i a l i z a t i o n step, a l l processes must run as rap id l y as p o s s i b l e .

The 3-D wor ld model s to res the current b e s t guess about t h e pos i -
t i o n of ob jec ts i n t h e r o b o t ' s workspace. Since other modules i n
t h e system r e q u i r e d i f f e r e n t types o f informat ion f rom t h i s d a t a -
base, t h e wey i n which i n f o r n a t i o n i s represented can have a s i g c i -
f i c z n t impac t on system speed.

A l l p rocess ing pe r fo rmed by t h e sensory systen dur ing a t a s k i s
cen te red about keep ing the w o r l d model i n r e g i s t r a t i o n with t h e
w o r l d . As t h e robo t and sensors move about i n t h e workspace,
i n f o r n a t i o n i s updzted i n t h e node l t o r e f l e c t r e a l i t y . T h i s servo
l o o p i s now descr ibed i n more d e t c i l .

The supervisor, which transcends a l l l e v e l s o f t h e sensory h i e r a r -
chy determines how t o use t h e resources o f t h e sensory systen t o
update t h e wor ld model. This inc ludes dec id ing t h e types o f sen-
sors t o use, choosing t h e opera t ing parameters o f t h e sensors, e t c .
I n the case o f v i s i o n , it i n i t i a t e s t h e commcnds t o the l o w - l e v e l
nosulc -s t o t a k e and t o process an image. The scpervisor must be
aware o f t he g l o b a l goa ls o f t h e c o n t r o l system t o be a b l e t o
p r e d i c t where the robo t will be a t some f u t u r e t ime .

The 3-D w o r l d model p r e d i c t s t h e s t a t e o f t h e workspace a t =one
f u t u r e tirr.e. Given an expected p o s i t i o n and o r i e n t a t i o n o f the
carnerc by t h e superv isor , a pe rspec t i ve p r o j e c t i o n o f t h e f e c t c r e s
o f each ob jec t wi th in t h e c m e r a ' s f i e 1 2 o f v i e w ccn be c a l c u l a t e d .
The n a j o r problem i s occ lus ion . Sone of t h e f e a t u r e s of an o b j e c t
mey be occlude6 by i t s e l f o r by some other o b j e c t . T h i s i s p a r -
t i a l l y r e s o l v e d us ing zspec t graphs (Roenderink e$ a l . , 1 9 7 9 ) .

The 2-D w o r l d node l (t?Ii-I)now uses t h e ezpected l o c a t i o r . o f t h e
f e a t u r e s ir,t h e imaye p l a n e and t h e conf idence about t h e workcpece
con ten ts t o c a l c u l a t e windows within which each f e a t c r e i s
exTec ted . F i gu re 1 shows t h a t t h e lower l e v e l s of t h e sensory sys -
t e n heve two paths: t h e v is io r , p a t h an2 the o t h e r sensors pcth.



The o t h e r senso
p r e s e n t , they requ
p a t h ? on t h e othe
l e v e l s . F i r s t s t a

r s i nc l ude prox imi ty , fo rce/ torque, e t c . A t
i r e only one l e v e l o f processing. The v i s i o n
r hand, r e q u i r e s s e v e r a l h i e r a r c h i c z l l y o rqan i zed
ge v i s i o n (FLSV) c o n t r o l s t h e camera hardware end

m a i n t a i n s synchron izat ion between t h e camera and t h e f l a s h ur, i ts.
Second stage v i s i o n P. (SSVA) per fo rms B connected conponents
ana l ys i s on the image.

The n e x t l e v e l , second s tage v i s i o n B (SLW6) , e x t r a c t s f e a t u r e s .
T h i s i s t h e f i r s t l e v e l t h a t i s model driven. Windows, which a r e
c a l c u l a t e d by k?K- I, a r e passed t o SSVB. It i s with in these windows
t h a t SSVB searches f o r t h e expected fea tu res .

The fea tu res detected by SSVB are matched with those p red i c ted by
VF-I i n t h e f i r s t m u l t i - l e v e l database (I!LD-I), which dea ls on ly
with 2-C data . The in fo rmat ion f r o m v i s i on as w e l l as f r o R t h e
other sensors i s combined t o fo rm a coherent r e p r e s e n t a t i o n . The
matched p red i c t i ons and emp i r i ca l da ta a r e then sent t o FILD-11, t he
3-D m u l t i l e v e l database.

MLD- I1 i s respons ib le f o r 3-0 f e a t u r e matching. Given t h e expecte -
t i o n f r o n W1.I-11, NLD - I1 assigns t h e th i rd dimension t o t h e emp i r i -
c c l da ta passed f r o m I:LD-I. From t h e matches, NLD- I1 c c l c u l a t e s
t h e pose e r r o r f o r eech p a r t viewed. The pose updctes a r e sen t t o
the 3-D wor l d model t o r e f l e c t t h e t r u e s t a t e o f t h e workspace. I n
t h i s way, t h e servo l o o p i s c losed. KIi-I1 now has b e t t e r i n fo rma -
t i o n with which f u t u r e p red i c t i ons can be made.

Occas iona l l y , t h e r e may be u m a t c h e d f e a t u r e s . Th is s i t u a t i o n can
occur i f an o b j e c t i s t r c l y unknown (e.g. wrench dropped i n
workspace), i f t he ac tua l o b j e c t l o c a t i o n i s s i g n i f i c a n t l y d i f -
f e r e n t than i t s p red i c t i on , or i f t h e e x t r a c t i o n a lgor i thms er rone -
ously de tec t o r miss fea tu res . I n these cases, t h e data i s passed
t o t h e recogn i t ion module which at tempts t o match the e m p i r i c a l
d a t a with each o f the known ob jec t models. This procedure t a k e s
longer than t h e normal o b j e c t v e r i f i c a t i o n mode. It i s hoped t h a t
t he recogn i t ion module should be resu i red inf requent ly . 17hen t h e
r e c o g n i t i o n module i s successful , t h e 3-D wor ld model i s in fo rmed
o f t h e o b j e c t i d e n t i t y and i s used i n subsequent p r e d i c t i o n s . For
t h e case o f B t r u l y unknown ob jec t , t he recogn i t i on module will
never be a b l e t o ass ign a model. However, t h e ob jec t d e s c r i p t i o n
f r o n t h e e m p i r i c a l sensor da ta i s s u f f i c i e f i t t o move t h e o b j e c t .

I n p a r a l l e l with t h e matching opera t ions used f o r naninc o b j e c t s , a
sepa ra te process a t t e m p t s t o d e s c r i b e t h e environment i n t e r m c o f
t h e spece t h c t i s occupied. This i s done usin5 an o c t r e e rep resen -
t a t i o n t o decorpose the volume o f t h e work a rea (Hong e t p i . ,
1 9 8 4 ) . Each canera image i s p r o j e c t e d i n t o t h e o c t r e c . The
ob jec t s a r e i n t e r s e c t e d with o b j e c t s a l ready represented, wh i le t h e
bzckground i s pro - jec ted t o cz rve out volumes kcown t o be e q t y .
There a r e l i n k s between the s p e t i a l r e p r e s e n t a t i o n and a f e n t c r e -
base6 rep resen ta t i on . They a l l o w o b j e c t narne5 and a t t r i b c t e s t o be
a s s o c i a t e d with reg ions i n space.
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The o p e r a t i o n o f the sensory system i s descr ibed i n g r e a t e r d e t a i l
i n (Shneier g_t ai.,1 9 8 4 3 ) w h i l e t h e workspace r e p r e s e n t a t i o n i s
desc r ibed i n (Shneier EL a l . , 1 9 8 4 b ) . I n t h e implementz t ion o f t h e
sensory system, each of t h e noi iu les i n t h e a r c h i t e c t u r e i s a
n ic rop rocessor which o p e r a t e s asynchronously. Since t h e c r u c i a l
perarneter o f t h e sensory system i s t i m e . t h e o r g a n i z a t i o x o f t h e
3-D w o r l d model must support a l l o f t h e modules e x p e c t i n g d c t a a s
rep id l y 2s poss ib l e . The nest sec t ion describes t h e model i t s e l f
i n d e t a i l .

p .

The d e s c r i p t i o n o f t h e 3-D wor ld model i s d iv ided i n t o t h r e e pa r t s .
F i r s t , t h e philosophy o f t h e r e p r e s e n t a t i o n i s presented. Th is i s
f o l l o w e d by a d e s c r i p t i o n o f the in fo rma t i on s t o r e d i n t h e
represen ta t ion . F ina l l y , a desc r i p t i on o f the processing and imple -
menta t ion o f t h e module i s provided.

A snex i -c Dhjp_c_t i s d e f i n e d as t h e d e s c r i p t i o n o f an o b j e c t i n
o b j e c t space. An &&axe, on t h e o t h e r hand, prov ides i n f o r n z t i o n
unique t o a s p e c i f i c p a r t i n t h e wor ld. The reason f o r t h i s d is -
t inc t io r , i s memory space. The descr ip t ion o f t h e ob jec t i s r e l a -
t i v e l y l ong w h i l e t h e instance need only have a p o i n t e r t o t h e gen-
e r i c o b j e c t desc r i p t i on (CAD descr ip t ion) and sone in fo rma t i on con-
cerning i t s p r e c i s e l o c a t i o n and o r i e n t a t i o n i n t h e wor ld . Conse-
quently, each instance has a homogeneous m a t r i x t h a t t rans fo rms a
p e r t l o c a t i o n f r o n t h e standard o r i e n t a t i o n c a l l e d " o b j e c t " space
i n t o a p o s i t i o n i n t h e r e a l wor ld.

Every o b j e c t must have a desc r i p t i on i n t h e model a t a l l t i c :es .
There may be s e v e r a l i n t e r m e d i a t e stages i n t h e machining o f B
p z r t . Each i s considered t o be a d i f f e r e n t p a r t and must be g iven
s. desc r i p t i on f r o m t h e e x t e r n a l datsbase. Th is shou16 n o t be t o o
inconven ient s i n c e t h e system must knov p r e c i s e l y how it inter.ds t o
process t h e p e r t .

i . 3 . 2 .

One of t h e f e a t u r e s o f the g e n e r i c o b j e c t d e s c r i p t i o n i s t k z t it
supports m u l t i p l e r e p r e s e n t a t i o n s . The Gain r e p r e s e n t a t i o R f o r 3 i s
2 boundary r e p r e s e n t z t i o n . Su r feccs a r e b u i l t f r o n edges vh ich arc -
i n t u r n c o n s t r u c t e d f rom v e r t i c e s . However, o t h e r r e p r e s e n t z t i o n s
e r e a l s o supported t o f a c i l i t a t e process ing .
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The firEt " e x t r a " r e p r e s e n t t t i o n i s e geomet r ic r e p r e s e n t a t i o c .
For many s imple shapes, t h i s i s t h e r e p r e s e n t a t i o n o f p re fe rence .
For example, any quadr ic s u r f a c e can be represented wi th a po in t ,
two vec to rs , and t h r e e sca la r s (Goldmm, 1 9 8 3 ) . Th is i s q u i t e com-
p a c t end it easy t o use. S i m i l a r l y , f o r con ic sec t ions , t h e curves
czn be represented by a po in t , two v e c t o r s , and two s c a l a r s . Th is
r e p r e s e n t a t i o n i s e s p e c i a l l y use fu l i n matching. The parameters o f
t h e represen ta t ion make geometr ic sense: t h e user can e a s i l y
comprehend t h e meaning o f t h e paramete rs .

For more complex shapes r the geomet r ic r e p r e s e n t z t i o n method
becomes cumbersome because many quadr i c patches would be r e q u i r e d
f o r adequate r e p r e s e n t a t i o n . Consequently, a p a r a m e t r i c represec -
t a t i o n should a l s o be provided. Ra t ions1 b i cub i c b-spl ines have
been chosen beccuse they seem t o o f f e r a reasonable compromise
between r e p r e s e n t a t i o n 2 1 accuracy and s i z e .

I n o r l e r t o a c c e l e r a t e t h e p r o j e c t i o n o f t h e CAD desc r i p t i on i n t o
t h e o c t r e e , t h e 3-D w o r l 6 model a l s o s to res an o c t r e e r e p r e s e n t a -
t i o n i n " o b j e c t " space. Th is i s t rans formed t o the r e a l w o r l d by
t h e pose m a t r i x o f t he instance and p r o j e c t e d i n t o t h e o c t r e e dur-
ing i n i t i a l i z a t i o n .

4.2.

There a r e two p c r t s t o t h e o b j e c t r e p r e s e n t t t i o n . The f i r s t i s
concerned with t h e d e s c r i p t i o n o f g e n e r i c o b j e c t s . Th is i n f o r m -
t i o n i s i n " o b j e c t " c o o r d i n a t e s 2nd never changes. The second f o r n
rep resen ts i n fo rma t i on unique t o a p a r t i c u l a r ins tance o f e g e n e r i c
p a r t . The i n f o r n a t i o n f o r t he ins tances o f any o b j e c t ccn chance
a t any t i n e since the pose i s updated constant ly . I n a l l cases,
t h e representa t ions a re dynamiczl ly a l l o c a t e d i n memory t o ensure
e f f i c i e n t memory use. Otherwise, t he wors t case s i z e o f an o b j e c t
r e p r e s e n t a t i o n must be used f o r a l l ob jec ts .

The o b j e c t r e p r e s e n t a t i o n shown i n Tab le I i s t h e h ighes t h i e r a r c h -
i c a l l e v e l i n the boundary representa t ion . It sto res t h e g e n e r i c
p e r t nunber which d i f f e r e n t i a t e s one o b j e c t f r o m a l l o t h e r s .
Furthermore, it conta ins t h e p r e v i o c s and t h e n e x t i d e n t i t y o f t he
o b j e c t , i .e . , t h e g e n e r i c number o f t he p a r t b e f o r e t h e cu r ren t
machin ing s t e p and i t s gener i c p a r t nunber a f t e r t h e p lanne2
machininq step.

The o b j e c t l e v e l of r e p r e s e n t a t i o n conta ins t h e p o i n t e r s , t o t h e
besinnings o f ecch o f t h e h i e r a r c h i c a l l y o rgen i ze6 r e p r e s c n t a t i o n s .
Ezch r e p r e s e n t a t i o n i s e s s e n t i a l l y B s i n s l y l i n k e d l i s t . The l e s t
entry i n t h e f i r s t v e r t e x s t r u c t u r e , f o r exar;,ple, i s 3 p o i n t e r t o
t h e n e x t v e r t e x . T h i s i s con t inued u n t i l a l l o f t h e s t r u c t u r e s i n
t h e r e p r e s e n t a t i o n have been exhausted. Then, as i s t h o conzon
n e t h c Z f o r ZlctEbzse processes, t h e p o i n t e r i s 1XlLL.
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The ob jec t r e p r e s e n t a t i o n supports severa l r e p r e s e n t a t i o n s a s i d e
f r o m the v e r t e x , edge, and sur face representa t ions. While these
r e p r e s c n t a t i o n z have redundant in fo rmat ion , they a c c e l e r a t e t h e
r e e l - t i m e aspects o f t h e system. Aspects graphs (Koenderink
a l . , 1979) cbn be used t o so lve t h e hidden sur face problem o f f -
l h e . This g r e e t l y simp1 i f i e s t h e problem o f p r e d i c t i n g which
f e a t u r e s should be d e t e c t e d by t h e sensors.

Another r e p r e s e n t a t i o n i s concerned with f e a t u r e s . G iven a s e t o f
ob jec t s i n t h e r o b o t workspace, a subset f r o m t h e se t o f a l l
e x t r a c t a b l e f ea tu res i s chosen which b e s t d i f f e r e n t i a t e s t h e
ob jec ts . Each o f the f e a t u r e s i n t h i s s e t has an expected v a l u e i n
" o b j e c t " space. A p o i n t e r i s s to red t o t h e f i r s t f e a t u r e / v a l u e
p a i r .

Each o f t h e o ther represen ta t ions will be descr ibed us ing a
bottom -up approach. The main r e p r e s e n t a t i o n s , v e r t e x , edge, and
sur face, will be descr ibed f i r s t . This will be f o l l o w e d by t h e
aspect graph and t h e f e a t u r e representat ions.

The v e r t e x r e p r e s e n t a t i o n s to res a v e r t e x number, t h e 3-D l o c a t i o r .
o f t h e ver tex , t h e l e n g t h of t h e v e r t e x , and a l i s t o f edges con-
n e c t i n g t o the v e r t e x . This i s shown i n Table 11.

The edge rep resen ta t i on i s s l i g h t l y more compl i c a t e Z because it
sto res m u l t i p l e r e p r e s e n t a t i o n s as w e l l as f l a g s which spee2 up
processing. Tab le I11 shovs t h e contents o f t h e r e p r e s e n t a t i o r . An
edge c2n be rep resen ted as a " v e r t e x " r e p r e s e n t a t i o n or 2
" p s r a n e t r i c " r e p r e s e n t a t i o c . The v e r t e x r e p r e s e n t a t i o n s to res t h e
s t a r t i n g and ending v e r t i c e s o f t h e edge, which can e i t h e r be
s t r a i g h t or curved. When an edge has a v e r t e x represen tz t ion , it
i s l i k e l y t h a t i n fo rma t i on about t h e s p e c i f i c v e r t i c e s will be
needed. A po in te r t o t h e in fo rmat ion can be accessed by o t h e r
means. However, e x p l i c i t l y s t o r i n g t h e ve r t ex p o i n t e r s a c c e l e r a t e s
t h e da ta access.

There a r e some edges, such as d r i l l ho les , which do not have ver -
t i c e s . I n t h i s case a p a r a n e t r i c edge r e p r e s e n t a t i o n i s more
appropr ia te . There a r e two p a r a m e t r i c forms t o descr ibe an edge.
For edges which a r e f i r s t o r second order curves, t h e e a s i e s t
p a r a n e t r i c form i s " geometr ic " i n nature. A l l con ic sec t i on curves
czn be represented by one point , two or tho rgona l u n i t v e c t o r s an2
two s c e l a r s . Nore complex curves, on t h e o the r hens, cen be
approx imated by spl ines. A current resea rch p r o j e c t i nvo l ves
orsen iz i n g sp l i ne r e p r e s e n t a t i o n s h i e r a r c h i c a l l y so t h a t a s u i t z b l e
l e v e l o f r ep resen ta t i ona l accuracy be be used by a g iven module.
For exam?le, i nspec t i on Eodules may r e q u i r e a q r e a t d e a l no re Z CC U-
racy than v i s i o n mo2ules.

T a b l e IV shows t h e i n f o r m a t i o n s t o r e d i n t h e su r face r e p r e s e n t s -
t i o r . . The sur face number i s f o l l o w e d by t h e containment s u r f a c e .
T h i s i n f o r m a t i o n i s use fu l ifa h o l e i s t o be representea . The
h o l e i s e c t u a l l y cons idered a s 2 sur face conte ined i n s i d e o f
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another surf ace.

The gener i c o b j e c t desc r ip t i on s to res t h e in fo rmat ion which i s con-
s t a n t f o r t h e o b j e c t i n " ob jec t " space. However, a mechenisn i s
needed which desc r ibes t h e ob jec t s i n t h e workspace. It wouli. be
p r o h i b i t i v e l y expensive t o s t o r e a separa te rep resen ta t i on f o r eech
o b j e c t . Consequently, a more economical s o l u t i o n has been adopte6.

The gener ic ob jec t descr iF t i on s to res in fo rma t i on about t h e p a r t i n
" o b j e c t " space. The instance desc r i p t i on prov ides t h e i n f o r m a t i o n
which t rans f arms " o b j e c t " space i n t o "world " coord ine tes . Conse-
quently, r e l a t i v e l y l i t t l e in fo rmat ion needs t o be s to red f o r each
instance.

Each instance o f 2 gener i c o b j e c t i n t h e workspace i s unique. It
conteins in f o r n a t i o n concerning i t s ins tance number. It a l s o
inc ludes t h e t i n e when t h i s ins tance MBS i n s t c n t i a t e d i n t h e
workspace and t h e l a s t t i m e it was modi f ied . Then t h e r e a r e t h r e e
t i m c / t r t n s f o r m a t i o n pairs . A homogeneous t ran fo rma t i on i s needed
which transforms " ob jec t " space i n t o " wor ld " coordinates. Associ -
a ted with t h i s t r ans fo rma t i on i s t h e t i n e when it was v a l i d . Th is
i s u s e f u l i n p r e d i c t i n g t h e l o c a t i o n o f moving ob jec ts . Sone of
t h e changes i n t h e expected va lues o f t h e sensors occur beceuse t h e
sensors move with t h e robot . SnowleZge o f t h e robo t mo t ion i s suf -
f i c i e n t t o p r e d i c t t h i s change. F!owever, i f t h e ob jec t s  re a l s o
moving, t he e x p e c t a t i o n s o f o b j e c t l o c z t i o n must t a k e t h i s r o t i o n
i n t o account, a l so .

4.3.

The t h r e e dimensional w o r l d model i s wr i t ten i n "C" and tekes
advantage o f t h e use o f s t ruc tu res i n t h e language. There a r e
s e v e r a l implementat ion cons iderat ions which e f f e c t t h e speed a t
which t h e processor cEn supply in fo rmat ion .

The t h r e e dimensional wor ld model has severa l func t ions which it
must per fo rm. F i r s t , it must accept i n f o r m a t i o n from t h e f a c t o r y
database which d e c l z r e s t h e p a r t s which will be of i n t e r e s t during
t h e n e x t task . Then, f o r those gener i c p a r t s which a r e no t i n t h e
model, it must accept t h e model d c t a anZ p l a c e i n t o memory. The
process o f p l a c i n g t h e model i n to memory will be c a l l e d i n s t a n t i a -
t i o n .

The speed a t which i n f o r m a t i o n cEn be r e t r i e v e d f rom t h e model i s
t h e most impor tan t cons ide ra t ion . Consequently, t h e models n u s t be
s t o r e d i n memory n o t on d isk . Th is obviously l i m i t s t h e nurber of
models which can simul taneously r e s i d e i n memory. A t t h e beqinninq
o f a task , t he f a c t o r y database in fo rms t h e sensory syEten c f t h e
n o d e l s which will be used. The t h r e e dimensional worlc2 n o d e l
checks t o see i f t h e r e i s enough room t o c l l o c a t e space f o r ezch
rnoLel. I f t h e r e i s enough space, t h e model i s a l l o c a t e c ' . I f n o t ,



t h e model searches fo r o l d i n f o r m a t i o n t o d e l e t e b e f o r e t h e cur ren t
model i s a l l o c a t e d .

A t any t ime , new ins tances o f any o f t h e gener ic p a r t types may
need i n s t a n t i a t i o n i n t o t h e model. Th is can occur because of an
i n i t i a l p r e d i c t i o n o f whct i s expec ted ir.the wor ld based on i n f o r -
m a t i o n f rom t h e f a c t o r y &tabase or when a "new" p a r t i s c r e a t e d by
B machine process. R e c e l l t h a t t h e r e must be a model f o r every p e r -
t i a l l y c r e a t e d p a r t . It can a l s o occur when en unknown o b j e c t i s
recognized. Also, when the r o b o t moves p a r t s ou t o f t h e world r

these o b j e c t s must be renoved f r o m t h e w o r l d model.

The 3-0 wor ld model p r e d i c t s t h e pose o f a l l o b j e c t s i n t h e wor ld.
I n i t i a l l y , the f a c t o r y database prov ides an i n i t i a l e s t i m a t e of t he
pose. This pose i s updnted by t h e d a t a processed from t h e sensors.
S i n c e severa l pose ma t r i ces wi th t h e t i m e a t which they were v a l i d
a r e s t o r e d i n t h e ins tance r e p r e s e n t a t i o n , it i s p o s s i b l e t o
p r e d i c t t h e new pose t a k i n g bo th the o b j e c t and robo t m o t i o n i n t o
account.

The 3-D w o r l d model a l s o p r e d i c t s t h e f e a t u r e s o f t h e workspace.
These a r e t h e fea tu res which are matched with the empir ica l
f e a t u r e s e x t r a c t e d f r o m the sensory data . I n order t o do t h i s , t h e
3-D w o r l d model nust de te rn ine which f e a t u r e s s r e occluded. Th is
i s done us ing t h e aspect graphs t o determine se l f - occ l us i on , i .e . ,
t h e o b j e c t i t s e l f occludes t h e p r o j e c t i o n o f a f e a t u r e . It a l s o
r e q u i r e s t h e o c t r e e t o ob ta in t h e s p a t i a l r e l a t i o n s h i p s between
o b j e c t s so t h a t occ lus ion o f f e s t u r e s by other ob jec t s i s t a k e n
i n t o account.

One o f t h e main app l i ca t i ons f o r represent ing s o l i d s i s i n t h e
development o f CAD descr ip t ions o f so l ids . There a re many systems
a v a i l a b l e which i n t e r a c t i v e l y c r e a t e p a r t descr ip t ions . These
inc lude Computervision, Synthavision, McAuto, PADL, e tc . I n most
cases, t h e goa l of t h e system i s t o c r e a t e a p a r t d e s c r i p t i o n which
i s s u f f i c i e n t t o manufacture t h e p a r t . S ince t h e r e i s human
i n t e r a c t i o n , t h e speed o f t h e processing i s n o t c r u c i a l . It only
needs t o be rap id enough so t h a t t h e opera tor does n o t expe r i ence
anr,oying de lays . The requi rement5 f o r t h e ??ES sensory systen a r e
q u i t e d i f f e r e n t . The " o the r user " i s a cornputer n o t a person. The
r a t e a t which d a t a czn be accessed determines the servo r e t e o f t h e
systen, i .e. , t h e r a t e a t which t h e sensory system can servo t h e
model o f t h e workspace t o t h e a c t u a l c o n d i t i o n o f t h e workspece.
Tho Eode l always l a g s i n t i n e . A r e p i d servo r a t e ensures t h a t t h e
3-D model rep resen ts t h e n a t u r e o f t h e workspace i n t h e n o t t o o
d i s t a n t p e s t .



E a d l e r e i a l . , (1978 ) were concerned wi th t h e r e p r e s e n t e t i o n o f 3-D
o b j e c t s f o r computer Traphics and computer v i s i o n app l i ca t i ons . It
wzs c l e a r t h a t t h e choice o f represen ta t ion and t h e intended appl i -
c a t i o n were s t rong ly coupled. Each r e p r e s e n t a t i o n had p a r t i c u l a r
advantages and it would c l e a r l y be d e s i r a b l e t o conver t one
r e p r e s e n t a t i o n i n t o another . Un fo r tuna te ly , many of these conver -
s ions were no t obvious. I n the i r paper, t h e authors discusseG nany
o f t h e a l t e r n a t i v e represen ta t ions but drew no conclusions about
t h e b e s t s e t o f rep resen ta t ions f o r a system.

Aggarwal e i al., ( 1 9 E 1 ) discussed methods f o r r e p r e s e n t i n g 3-D
o b j e c t s f o r computer v is ion . They discussed both t h e methods f o r
acqu i r i ng 3-D d a t a and t h e ways i n which t h e o b j e c t s can bc
represented. Representa t ions were d iv ided i n t o two brozd c lasses :
" o b j e c t centeree " r e p r e s e n t a t i o n s znd " observer centered " represen -
t a t i o n s . I.lost methods which acquirecl 3-D da ta , such as l a s e r sczn-
ning, photometr ic s tereo, e tc . , empl oyed "observer cen te red "
rep resen ta t ions . However I most s o l i d model1 ing methods, such as
CSG or boundary represen ta t ions employed " ob jec t cen te red "
represen ta t ions . They recognized the need f o r e f f i c i e n t conversion
between t h e two represen ta t ions before a complete system can be
developed but they d i d not supply a method f o r the convers ion. The
NBS sensory system br idges these two represen ta t ions by using t h e
gener i c ob jec t concept as t h e " ob jec t centered " rep resen ta t i on and
t h e ins tance concept as t h e " observer centered " d a t a .

R e c e n t l y , S h a p i r o eL al . , ( 1 9 8 4 ) p resen ted a h i e r a r c h i c a l r e l a -
t i o n e l model f o r p a r t i nspec t ion . A f t e r t h e p a r t i s p l a c e d i n 6
j i g , v i s i o n an2 t a c t i l e sensors per fo rm measurements f o r qulel i ty
c o n t r o l . Th i s i s s i m i l a r t o t h e NBS sensory system i n two xays .
The systen enploys s e v e r a l sensors and uses a boundary rep resen ta -
t i o n . However, t h e r e a r e s e v e r a l major d i f f e rences . F i r s t , t h e
d e s c r i p t i o n i s no t adapt ive . I f t h e p a r t i s s l i g h t l y misal igned,
it i s not c l e a r how the system can co r rec t i t s e l f . The 132s sensory
system, on t h e other hand, i s constant ly servoeing the model with
t h e e m p i r i c a l data obtained f r o m t h e sensors. Second, t h e system
can only work with known par t s . The P13S systern i s capab le o f
represent ing unknown pnrts . Third, it i s n o t c l e a r how r a p i d l y the
system can access t h e da ta s to red i n t h e database. One o f t h e ma jo r
ob jec t i ves o f t h e " ES systen i s r e a l - t i m e operat ion .

5.

A r e p r e s e n t a t i o n f o r t h e 3-D workspecc - o f 2. r obo t hcls been
presentec ' which combines a verbose boundary r e p r e s e n t a t i o n w i th an
i n s t a n c e r e p r e s e n t a t i o n . The 3-D model p r e d i c t s f e a t u r e s about t h e
worksps.ce. It then F r o j e c t s these f e a t u r e s t o 2-D where they e r e
matched with sensory deta . I n t h i s w ~ y , t h e sensory s y s t e n ezp loys



model - driven process inq t o keep t h e 3-D model o f t he workspace i n
r e s i s t r a t i o n wi th t h e t rue n a t u r e o f t h e workspace.
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Tab le I -- Ob jec t r e p r e s e n t a t i o n s

1
2

3

.
5.

6.
7.

E.

g e n e r i c p a r t number
o l d g e n e r i c p a r t number

previous processing i d e n t i t y
new g e n e r i c p a r t number

i d e n t i t y a f t e r current opera t ion
number o f ins tances i n t h e w o r l d
p o i n t e r t o a l i n k e a l i s t o f i ns tance
in fo rme t i o n
number o f v e r t i c e z
po in te r t o s. l i n k e d l i s t o f
ve r t ex r e p r e s e n t a t i o n s
number of edges

9. pointer t o a l i n k e d l i s t o f

1 C . number o f sur faces
11. p o i n t e r t o a l i n k e d l i s t o f

sur face rep resen ta t i ons
12. number o f aspect graphs
13. p o i n t e r t o i: l i n k e d l i s t o f

1 4 . number of fea tu res
15. p o i n t e r t o a l i n k e d l i s t o f

16. p o i n t e r t o t h e n e x t ob jec t

edge represen te t ions

aspect graph represen ta t ions

f e a t u r e s

i n t h e w o r l d

Tab le I1-- V e r t e x Representa t ion

1. v e r t e x number
2. 3-D l o c a t i o n (x,y ,z)
3. p o i n t e r t o l i n k e d l i s t o f edges

which connect t o t h i s v e r t e x
4. p o i n t e r t o the next v e r t e x r e p

1 4



Tab le I11 -- Edge Represen ta t i on

1.
2.

3.
4.
5 .
6.

7.

8.
9.
1g .
11.
12.
13 .
1 4 .

edge number
t y p e o f r e p r e s e n t a t i o n

VERTREP -- v e r t e x r e p
PARAREP -- p a r z m e t r i c r e p

shape o f edge -- STRAIGHT o r CUWED
s t a r t i n g v e r t e x ( i f us ing VERTREP)
ending v e r t e x ( i f using VERTREP)
po in te r t o s t a r t i n g v e r t e x r e p

( i f usins VERTREP)

p o i n t e r t o ending v e r t e x r e p

edge l e n g t h
p o i n t e r t o geomet r i c PAI?W.EP
po in te r t o spl ine r e p o f edge
p o i n t e r t o sur f ece l e f t of edge
p o i n t e r t o sur fsce r ight o f edge
a n g l e between aGj acent su r f aces
p o i n t e r t o t h e n e x t edge r e p

( i f using VERTREP)

Tab le N -- Sur face rep resen ta t i on

1. sur face number
2. conta inment sur face

3. type of surface --SOLID or HOLE
4. shape of surface --PLkI?AR or CUWED
5. r e f l e c t a n c e
6. sur fece area
7. p o i n t e r t o t h e sur face normal

use fu l f o r h o l e r e p r e s e n t a t i o n

( for PLANAR sur f a ce s 1

8. number o f bounding edges
9. pointer t o l i n k e d l i s t o f edge

1 D . p o i n t e r t o geometr ic su r face rep
11. p o i n t e r t o p a r a m e t r i c s u r f a c e rep

12. number o f ho les i n t h i s s u r f a c e
13. p o i n t e r t o 5. l i n k e d l i s t o f h o l e s
1 4 . p o i n t e r t o t h e n e x t sur fece r e p

numbers which bound t h e sur f ace

(bicubi c b- spl i n e s )

1 5
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